Abstract-The therapeutic use of microbubbles for targeted drug or gene delivery is a highly active area of research. Phospholipid-encapsulated microbubbles typically have a polydisperse size distribution over the 1 to 10 μm range and can be functionalized for molecular targeting and loaded with drugcarrying liposomes. Sonoporation through the generation of shear stress on the cell membrane by microbubble oscillations is one mechanism that results in pore formation in the cell membrane and can improve drug delivery. A microbubble oscillating at its resonant frequency would generate maximum shear stress on a membrane. However, because of the polydisperse nature of phospholipid microbubbles, a range of resonant frequencies would exist in a single population. In this study, the use of linear chirp excitations was compared with equivalent duration and acoustic pressure tone excitations when measuring the sonoporation efficiency of targeted microbubbles on human colorectal cancer cells. A 3 to 7 MHz chirp had the greatest sonoporation efficiency of 26.9 ± 5.6%, compared with 16.4 ± 1.1% for the 1.32 to 3.08 MHz chirp. The equivalent 2.2-and 5-MHz tone excitations have efficiencies of 12.8 ± 2.1% and 15.6 ± 1.1%, respectively, which were all above the efficiency of 4.1 ± 3.1% from the control exposure.
I. Introduction G as bubbles that have been stabilized with a thin shell material, typically phospholipids [1] or bio-compatible polymers [2] , are routinely used as ultrasound contrast agents (Ucas) because they are highly echogenic because of their compressible nature [3] , [4] . Enhancing the contrast in echocardiography or improving signal-to-noise levels in doppler imaging [5] are the main clinical uses for Ucas. There is significant interest in the development of Ucas, or microbubbles, as molecular imaging and/or therapeutic agents [6] [7] [8] [9] [10] because microbubbles can be conjugated with antibodies that target specific cell populations in the vasculature.
The therapeutic potential of microbubbles is predominantly as a delivery mechanism for drugs [11] [12] [13] [14] or gene therapy vectors [15] [16] [17] [18] [19] that can be released through microbubble destruction by ultrasound pulses, or to enhance uptake of co-administered therapeutic agents. additionally, mechanical damage associated with microbubble activity also has therapeutic potential [20] . Given the ubiquitous use of diagnostic ultrasound systems in the clinical environment, the infrastructure exists for targeted microbubbles to be introduced for minimally invasive therapies [21] .
The release of a therapeutic payload from a moleculartargeted microbubble would be achieved through its destruction from exposure to an ultrasound field. However, because microbubbles interact strongly with an ultrasonic field, the emitted/reradiated pressure generated by microbubble oscillations could be used to enhance therapeutic efficiency through a process called sonoporation. sonoporation is a technique that uses a combination of ultrasound and microbubbles to modify the permeability of a cell membrane [22] , [23] .
although the exact mechanisms for sonoporation are unclear, it is thought that the production of shear stress on the cell surface by microbubble oscillations can result in increased membrane permeability [24] . additional sonoporation mechanisms such as the pushing and pulling behavior resultant from the expansion and compression phase of microbubble oscillations near a membrane [14] , [25] , and acoustic microstreaming [26] are also thought to generate transient micropores through which a therapeutic agent can pass. Pores can also be generated by the formation of microjets by a microbubble undergoing nonspherical shape oscillations near a cell [27] , which can result in nonviable cells and may not be useful for therapy in which the target cells must survive [28] .
Phospholipid-encapsulated microbubbles typically have a polydisperse size distribution over the 1 to 10 μm range and can be functionalized for molecular targeting and loaded with drug-carrying liposomes [29] , [30] . microfluidic techniques for manufacturing monodisperse microbubble populations are in use, but the concentrations generated from these techniques are low when compared with available agents currently in clinical use [31] . nevertheless, there are efforts to address this problem through generation in situ [32] or multiplexed devices [33] .
The ultrasound frequencies used for sonoporation studies are typically below 2.5 mHz, with 1 mHz being a commonly used value [34] . a lower frequency would enable the microbubbles to be exposed at a higher mechanical index [35] , [36] destruction. a microbubble being excited by an ultrasound field that is at its resonant frequency would generate maximum shear stress on a cell membrane. However, phospholipid microbubbles, commercial or otherwise, have a polydisperse population and a range of resonant frequencies [37] would exist in a single population. Thus, the use of a single frequency to excite the population may not be the most efficient method for generation of shear stress on cell membranes. The use of linear frequency-modulated chirps in diagnostic ultrasound imaging is a method for improving the signal-to-noise ratio and penetration depth of this imaging technique [38] [39] [40] . They have also been implemented to improve the contrast-to-tissue ratio when imaging with microbubbles [41] , [42] . It has been proposed that because of the polydisperse nature of microbubble populations, if the frequency range of the chirp matched those of the resonant frequencies of the population, a greater acoustic response could be achieved [43] .
The magnitude of shear stress incident on a cell from an oscillating microbubble is related to their separation distance [24] , which can also affect the binding of a targeting ligand or antibody attached to the microbubble [44] . Primary radiation force [45] is used to manipulate microbubble populations [46] to assist in the molecular targeting of microbubbles [44] , [47] , [48] , by minimizing the distance between the cell and microbubble, and thus maximizing the incident shear stress on the cell. a secondary radiation force can be generated from the pressure gradients in the reradiated ultrasonic field caused by microbubble oscillations. Exciting two microbubbles either above or below their resonant frequencies results in an attractive force. This force will be negative if the microbubbles are oscillating out of phase [45] . The secondary radiation force can result in the formation of large aggregates of microbubbles [49] . It has been demonstrated theoretically that the use of a chirp with a polydisperse population will result in increased displacement of a microbubble population over an equivalent tone and thus could be beneficial for molecular targeting applications [50] .
The goal of this study was to investigate whether the chirp excitation of polydisperse microbubble populations at low pressure amplitudes could be used to increase the sonoporation efficiency of cells, when compared with equivalent exposures at single frequencies.
II. materials and methods

A. Microbubble Manufacture and Characterization
The phospholipids were prepared by mixing 19 μl of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (dPPc) and 6.5 μl of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-n-[biotinyl(polyethylene glycol)-2000] (ammonium salt; dsPE-PEG2000 biotin, avanti Polar lipids, alabaster, al), which were dissolved in stock solutions of chloroform with a concentration of 20 mg/ml. This resulted in mol% values of 92.3% and 7.7%, respectively. after the chloroform had been evaporated using a vacuum desiccator, the lipids were resuspended in a buffered saline solution of 99% milliq water and 1% (v/v) glycerine (sigma-aldrich, st. louis, mo) containing (w/v) 4% nacl in a single 1-ml vial using an ultrasound bath (U50, Ultrawave ltd., cardiff, UK). The vial containing the lipid solution was saturated with octafluoropropane (c 3 F 8 ) gas and sealed. microbubbles were generated by agitating this solution for 45 s in a capmix mechanical shaker (EsPE, 3m co., st. Paul, mn) at a total concentration of 1.3 × 10 10 ± 0.3 × 10 10 microbubbles/ml. 97.5 μg of neutravidin (a2666, Invitrogen life Technologies, Paisley, UK), a biotin-binding protein, was added to 2 μg of anti-integrin α v β 6 -biotinylated polyclonal antibody (bs-5791r-biotin, Insight biotechnology ltd., middlesex, UK) and incubated at room temperature for 20 min, then added to the microbubble solution and incubated at room temperature for a further 15 min to generate targeted microbubbles, using a one-pot approach. an immunofluorescent study was performed to confirm that the microbubbles were completely covered by fluorescent neutravidin. a previous study [51] compared the sonoporation efficiency of targeted microbubbles and untargeted microbubbles, exposed to either a 2.2-mHz tone or 1.32 to 3.08 mHz chirp pulses. Untargeted microbubbles were manufactured by adding a biotinylated isotype control (rabbit da1E mab IgG XP, new England biolabs ltd., Ipswich, ma) to the microbubble solution.
To estimate the size distribution and concentration of the microbubbles, a 30-μl sample of 10× diluted solution was placed on a microscope slide, which had a chamber of fixed volume, and imaged using bright-field microscopy (Eclipse Ti, nikon Instruments Inc., melville, ny) [52] . For small amplitude oscillations [53] , the resonant frequency, ω r , of an encapsulated microbubble that incorporates both the effects of stiffness and viscous damping of the shell [37] is given by
where R 0 is the equilibrium radius of the microbubble (0.35 to 7.5 μm), ρ is the liquid density (998 kg/m 3 ), γ is the polytropic gas index (1.07), P 0 is the hydrostatic pressure (101 kPa), σ is the surface tension at the liquidgas interface (0.0728 n/m), and μ is the liquid viscosity (0.001 Pa·s). The values for shell stiffness, S p , and viscosity, S f , were 1 n/m and 0.05 × 10 −6 kg/s, respectively, and were chosen to be similar to a definity microbubble (lantheus medical Imaging Inc., n. billerica, ma) [54] [55] [56] which has a shell composition and gas core similar to the microbubbles used in this study.
B. Ultrasound System
Two unfocused ultrasound transducers with a center frequency of 2.2 or 5 mHz (element size 6.35 mm, −6-db bandwidth 79.9%, V323 or V310, olympus ndT Inc., Waltham, ma) were used to excite the microbubble population with either a tone or chirp pulse. a chirp with a −6-db bandwidth of 80% was used for both transducers, which gave frequency ranges of 1.32 to 3.08 or 3 to 7 mHz. a 0.1-mm needle hydrophone (Precision acoustics, dorset, UK) was used to calibrate the output rms pressure of both transducers, which was 110 kPa for all exposure parameters. For chirps, a pre-distorted drive signal was used to compensate for the transducer's frequency response to ensure uniform pressure amplitude across all frequencies. a 10-μs duration burst with a pulse repetition frequency (PrF) of 1 kHz was used to expose the cell population for a total of 2 min. The transducers were mounted on a micrometer XyZ stage (PT3/m, Thorlabs Inc., newton, nJ) and positioned, in culture media, at 20 mm above the cell monolayer. calibration of these transducers was performed at this distance to ensure that the ultrasound exposures were equivalent for each exposure type. Fig. 1 shows a schematic diagram of the experimental setup used for this study. a high PrF was used to ensure that the primary radiation force exerted on the microbubble population was sufficient to push the microbubbles into contact with the cell monolayer at the bottom of the well, to aid binding. because all ultrasound exposures were performed in a plastic well, a reflection from the bottom of the well was expected and had a reflection coefficient of σ r = 0.25. These reflections affected the radiation force experienced by microbubbles distributed inside the media because of constructive and destructive interference of the long-duration excitation waveform. However, the total net force was downward, thus bringing the targeted microbubbles into contact with the cells. The targeted microbubbles that contributed toward sonoporation were located close to the cell monolayer and their proximity to the reflective boundary at the bottom of the well was at least an order of magnitude smaller than the shortest wavelength used in this study. Therefore, it was assumed that the microbubbles were exposed with the incident pressure wave with minimal contribution from the reflected pressure wave.
The ultrasound transducer was driven by a custombuilt single-element drive system (Fig. 1) , which was based on the Ultrasound array research Platform architecture reported previously [57] . The system is capable of driving transducer loads with excitation signal amplitudes up to ±100 V using a commercially available integrated circuit (maX4811, maxim Integrated, san Jose, ca). This component operates in a switched mode, generating square-wave pseudo-chirps. a novel pulse-widthmodulation technique has been developed to provide output amplitude pressure control from the switched-mode system [58] . This technique allows arbitrary waveforms to be generated from the transducer, while maintaining the simplicity of switched-mode circuits. For this study, it was desirable to generate chirp sequences with an applied amplitude taper that counteracted the frequency characteristics of the transducer, thus equalizing output pressure across the bandwidth of the signal. The amplitude function was derived from the inverse of the transducer's frequency response, and used in the design of each chirp excitation signal. Wireless control of the drive system via bluetooth (bluetooth sIG Inc., Kirkland, Wa) allowed for the entire experimental apparatus to be located within a bio-cabinet to reduce unnecessary cabling, minimize contamination risk, and maintain sterility.
C. Cell Culture and Sonoporation Apparatus
Human mammalian HcT116 cells (american Type culture collection, manassas, Va) were used as a model colorectal cancer cell line, for the uptake of a fluorophore through sonoporation. The cells, with a passage number of 5, were seeded into each 10-mm-diameter well of a 24-well plate with a density of 1.55 × 10 5 cells per well and cultured for 24 h in rPmI 1640 media with 10% Foetal bovine serum (Invitrogen life Technologies) at 37°c in a humidified atmosphere of 5% co 2 in air. The element size of the ultrasound transducers was 6.25 mm. cells were grown in monolayers up to a maximum overall confluency of 80%. Prior to ultrasound exposures, the culture media in each well was replaced with 3 ml of media that contained the membrane impermeable fluorescent marker, propidium iodide (PI; P3566, Invitrogen life Technologies) at a concentration of 0.5 μm. Targeted microbubbles were added to each well, except the wells used for control exposures, at a concentration of 8 × 10 5 microbubbles/ ml. sonoporation experiments were performed 24 h after seeding, and thus it was estimated that there was approximately a microbubble-to-cell ratio of 3:1. The control measurements were ultrasound exposures of cell populations in the absence of microbubbles. Each exposure con- Fig. 1. a schematic diagram showing the apparatus used for this sonoporation study. cells were plated into a 24-well plate. microbubbles were added in the presence of propidium iodide, and were then exposed to ultrasound. The inset photograph shows the experimental apparatus within the bio-cabinet used in this study.
To measure cell viability, a cellTracker green stain (c2925, Invitrogen life Technologies) was then added to each well at a concentration of 2 μm and left to incubate at 37°c for 45 min. This fluorescent green stain was used to indicate living viable cells because these reagents pass freely through the membranes. However, once inside a viable cell, cellTracker Green is transformed into a cellimpermeant reaction product. after incubation, a final wash with fresh media was performed and then each well was imaged under both bright-field and fluorescence conditions.
Immunofluorescence was performed on HcT116 cells to examine the presence of the antigen (integrin α v β 6 ) used for molecular targeting of the microbubbles in this study [59] . Glass coverslips were seeded with 50 000 cells and left to culture for 48 h and then fixed with 4% paraformaldehyde in phosphate-buffered saline (Pbs), followed by two washes with Pbs. To minimize nonspecific binding, blocking was performed using antibody diluent reagent solution (Invitrogen life Technologies) for 1 min before application of the primary antibody or isotype control (4096s, rabbit da1E mab, new England biolabs ltd.), which were each incubated for 1 h at room temperature. The biotinylated antibody was applied at 1:50 dilution (concentration 1 mg/ml) and the isotype control at 1:100 (concentration 0.5 mg/ml). after washing, an alexaFluor 488-conjugated secondary antibody (alexaFluor 488 donkey anti-rabbit IgG, a-21206, Invitrogen life Technologies), was incubated with the cells for 30 min in the dark at 1:300 dilution (concentration 2 mg/ml). after further washing with Pbs, the coverslips were mounted with Prolong Gold containing daPI (Invitrogen life Technologies). The fluorescent images were taken on a Zeiss axio Imager Z1 microscope (carl Zeiss microscopy llc, Thornwood, ny) with axioVision software, where the exposure times were kept constant between each acquisition. a test performed with the secondary antibody alone showed staining similar to the isotype control. a flow assay was performed to determine specific binding of microbubbles conjugated with the targeting antibody or an isotype control. HcT116 cells were seeded by plating 30 μl of 5 × 10 5 cells/ml onto the upper surface of a μ-slide VI 0.4 (ibidi, Thistle scientific, Glasgow, UK) and left to culture for 24 h at 37°c in a humidified atmosphere of 5% co 2 in air. The cells were washed with Pbs, then a solution containing 1 × 10 7 microbubbles/ ml was flowed over the cells at a rate of 0.2 ml/minute for a total of 4 min using connecting tubing and a syringe driver (aladdin al-2000, World Precision Instruments, sarasota, Fl). This flow corresponds to a shear rate of 40 to 50 s −1 and was chosen to maximize microbubble attachment without shearing off cells from the slide. To remove unbound microbubbles, Pbs was flowed over the cells at a rate of 3.40 ml/min for a total of 3 min. This flow corresponds to a shear rate of 600 s −1 , which is equivalent to the wall shear rate found at peripheral vessels in a glioma xenograft [60] . Five images of microbubbles bound to cells were acquired using a camera (c-7070, olympus, southend-on-sea, UK) mounted onto an inverted light microscope (cKX41, 40× objective, olympus). The number of cells and the number of attached microbubbles was manually counted in each picture, with a mean number of cells per image of 122.
D. Analysis of Sonoporation Efficiency
Image sequences (bright-field and fluorescence) were acquired at five unique locations within each well, with a 205 × 153 μm field of view. matlab (The mathWorks Inc.) was used for image processing of both the bright-field and fluorescence images. a sequence of three images was taken; the bright-field images were used to identify the location and number of cells, and the average color value was calculated under both red and green fluorescence. Threshold color intensity values were identified from a well which had neither ultrasound nor microbubbles added to it, and only when both the respective average fluorescence values exceeded these values was a cell considered to be stained. PI is generally used to identify dead cells [61] , [62] , and this stain was used to avoid including dead or damaged cells.
an average of between 200 and 500 cells were imaged over the five unique locations in each well, which was then repeated three times for each exposure condition. sonoporation efficiency was defined as the percentage of cells that had been stained with both red and green fluorescence. cell viability was defined as the percentage of cells that were stained with cellTracker green, compared with the total number of cells imaged.
III. results Fig. 2(a) shows the measured size distribution for the microbubble population used in this study. The mean diameter and standard deviation for these microbubbles, based on measurements from five individual preparations, was 2.4 ± 1.0 μm. Fig. 2(b) shows the simulated range of resonant frequencies that was encompassed by the different sizes of this microbubble population. The two filled-in areas under this curve show the range of resonant frequencies excited by the 1.32 to 3.08 and 3 to 7 mHz chirps, which cover approximately 16.7% and 51.5%, respectively, of this polydisperse population. However, the areas covered by tone excitations at 2.2 or 5 mHz excite approximately 1.5% and 1.3% of the microbubble population at their resonance frequency, which is significantly lower than chirp excitation. Fig. 3 shows the fluorescent staining of cells for the integrin-targeted and isotype control antibodies. The bright green fluorescence staining in Fig. 3(a) shows the presence of the target antigen (integrin α v β 6 ) that was used for microbubble targeting on the HcT116 cells. a blue fluorescent stain was used to identify the cell nucleus. The fluorescent staining pattern [ Figs. 3(a) and 3(b) ] shows that the integrin is present in the membrane and cytoplasm and confirms the presence of the target antigen on these cells. The flow assay shown in Figs. 3(c)-3 (e) demonstrated that the antibody attached to the microbubbles was successfully targeted to the cell line used for this sonoporation study. In Fig. 3(b) , faint green fluorescence is seen with the isotype control (exposure matched), indicating that a small degree of nonspecific binding may occur with this antibody. Figs. 3(c) and 3(d) show two example images of microbubbles bound to cells for the integrin and isotype control antibodies, respectively. Fig. 3(e) shows a statistically significantly greater number of microbubbles binding to the HcT116 cells using integrin-targeted microbubbles compared with isotype-targeted microbubbles. Fig. 4 shows the frequency spectrum of the four different exposure types measured using the needle hydrophone. Fig. 4(a) gives the frequency spectrum for the tone and chirp pulses generated using the 2.2-mHz transducer; Fig.  4(b) is the frequency spectra generated with the 5-mHz transducer. The total power spectral density integrated over the 1 to 10 mHz range for each of these signals was approximately 5 × 10 4 db/Hz 2 , thus ensuring that equivalent acoustic energy was delivered to the microbubble populations, irrespective of the exposure type. Fig. 5 , which has been reproduced from [51] , shows the sonoporation efficiency for targeted and non-targeted microbubbles that have either been exposed to 2.25-mHz tone or 1.32 to 3.08 mHz chirp excitations. cells that had been exposed to a chirp excitation in the absence of microbubbles were used as a control. although the overall sonoporation efficiency was below 21%, targeted microbubbles that were exposed to a chirp excitation showed the highest sonoporation efficiency, with an efficiency of 20.5 ± 5.6%. In addition, for both ultrasound exposure types, targeted microbubbles gave a higher efficiency when compared with non-targeted microbubbles. Fig. 6 shows a mosaic of images taken under brightfield and red and green fluorescence for a single 205 × Fig. 2. (a) The population density of the microbubble population used in this study, which was normalized to the total number of microbubbles. The inset shows an example image of a microbubble population. (b) The corresponding resonant frequency distribution of this polydisperse microbubble population. Hashed region I shows the population of microbubbles excited for a 1.32 to 3.08 mHz chirp and region II shows that for a 3 to 7 mHz chirp. 153 μm location in each of the 10-mm-diameter wells, which were exposed to 110 kPa rms pressure. The control exposure [ Fig. 6(a) ] was the only one of this sequence that was exposed without the presence of targeted microbubbles. Figs. 6(b) and 6(c) were exposed using the lower frequency transducer with a 2.2-mHz tone and 1.32 to 3.08 mHz chirp, whereas Figs. 6(d) and 6(e) were the 5-mHz tone and 3 to 7 mHz exposures using the higher frequency transducer. The green stain indicates that these cell populations were viable. In Fig. 6 , cells stained both red and green were present only where microbubbles were introduced, indicative of sonoporation occurring in these cells. However, it is worth noting that even in the absence of microbubbles some viable cells had PI uptake. The cell viability for the control, 2.2-mHz tone and chirp, and 5-mHz tone and chirp exposures was measured to be 98 ± 2.1%, 98 ± 0.9%, 98 ± 0.8%, 96 ± 3.0%, and 96 ± 1.6%, respectively. Fig. 7 shows the sonoporation efficiency in HcT116 cells for targeted microbubbles that have been exposed to 2.2-mHz tone, 1.32 to 3.08 mHz chirp, 5-mHz tone, and 3 to 7 mHz chirp excitations. Fig. 7(a) shows the sonoporation efficiency for the control exposure, comprised of cells exposed to a 3 to 7 mHz excitation in the absence of microbubbles. The high-frequency chirp [ Fig. 7(e) ] showed the greatest sonoporation efficiency of 26.9 ± 5.6%, compared with 16.4 ± 1.1% for the lower frequency chirp. similarly, the 2.2-and 5-mHz tone excitations has efficiencies of 12.8 ± 2.1% and 15.6 ± 1.1%, respectively. a sonoporation efficiency of 4.1 ± 3.1% was achieved with the control exposure. a one-way analysis of variance (anoVa) test demonstrates that the means of the different exposure groups in Fig. 7 were significantly different, with p < 0.0001. Further analysis using the bonferroni's post hoc test to compare each group with every other group indicates that only the efficiency measured for 2.2-mHz tone excitations was not significantly different from the control measurements. analysis also showed that the measured efficiency for the 3 to 7 mHz chirp exposure was significantly greater than the other exposure conditions.
IV. discussion
The sonoporation efficiencies achieved in HcT116 cells for this study were between 12% and 27% for all exposure conditions with targeted microbubbles. However, the use of targeted microbubbles exposed to a chirp excitation resulted in the greatest efficiency when compared with equivalent tone excitation. as shown in Fig. 7 , the highest efficiency was generated by a chirp at 3 to 7 mHz, followed by the 1.32 to 3.08 mHz chirp with 16.3%. cell viability was measured 45 min after exposure; later time points may have shown greater cell death and thus affect the sonoporation efficiency, which is a limitation of this study. The reported sonoporation efficiency of 4.1% ± 3.1% for the control measurements shows a very low uptake of PI into viable cells in the absence of microbubbles. It has been widely reported that ultrasound exposures alone are sufficient to result in uptake into the cell, but at greatly reduced levels when compared with ultrasound and microbubbles [16] .
The resonant frequencies predicted by (1) for the size distribution of this specific microbubble population is shown in Fig. 2 , which highlights that the higher frequency chirp would excite approximately 51.5% of the population at resonance, compared with 16.7% for the lower frequency chirp. The accuracy of this estimation could be improved by using measured shell parameters for this specific population. Furthermore, in this study a constant chirp rate was used, thus fixing the exposure duration at a specific frequency. a further increase in the sonoporation efficiency could possibly be achieved through the use of a nonlinear chirp rate. This chirp rate would be defined by the measured resonant response of the polydisperse microbubble population used and would ensure that a greater population of microbubbles at a specific size would experience excitation at resonance for longer in an effort to maximize the shear stress generated on the cells. In addition, transducers with a broader bandwidth, such as capacitive micromachined ultrasonic transducers (cmUTs) [63] could be used to increase the population of microbubbles excited at resonance without the need to sacrifice output power. This would allow for higher acoustic pressures to be tested, which is a limitation of this study. The primary aim of this study was to compare tone and chirp excitations for the sonoporation of cancer cells, and thus an exposure duration of 2 min was chosen from a large variation of exposure times [34] to ensure adequate time for primary radiation force to bring the microbubbles into contact with the cells and for sonoporation to occur. However, this duration could be optimized by monitoring the acoustic backscatter from microbubbles so that exposures could last until the microbubble population has diminished, thus maximizing the time for sonoporation to occur. Further optimization could be achieved by increasing the duration and PrF of the ultrasound exposure, but this could result in decreased cell viability [64] . Fig. 5 shows the sonoporation efficiency of targeted and untargeted microbubbles exposed to both tone and chirp pulses. In this example, the targeted microbubbles exposed to a chirp excitation preformed better than equivalent exposure without targeting. The magnitude of shear-stress experienced by a cell is dependent on the separation distance between the cell and microbubble [24] . Thus, bound microbubbles may show increased sonoporation efficiency as a result of being in close proximity to the cells for the duration of the ultrasound exposure when compared with free microbubbles.
as the microbubbles were introduced into the media and uniformly distributed, primary radiation force was used to bring them into contact with the cell populations to facilitate binding and sonoporation. However, secondary radiation force effects resultant from microbubble oscillations have been shown [65] to cause clusters of microbubbles around individual cells or have sufficient force to break molecular bonds [66] . This clustering effect caused by secondary radiation force could have affected the overall sonoporation efficiency in this study because the microbubble population is not evenly distributed over all of the cells, and could be restricted to individual locations on the cell. In a sonoporation study using targeted microbubbles to deliver PI into endothelial cells, Kooiman et al. [67] demonstrated that the location of attachment of targeted microbubbles did not affect the sonoporation of the cell, but also observed that sonoporation did not always occur with a microbubble located on a cell. a possible cause for this may have been due to driving microbubbles off-resonance with a 1-mHz tone excitation, because a polydisperse microbubble population was used [68] . This study demonstrated that a single targeted microbubble on a cell can result in sonoporation, and thus the formation of microbubble aggregates on single cells would be an inefficient technique for drug delivery. However, this effect is increased through the experimental arrangement used in this study and may not be a significant problem in vivo.
an inverse filter based on the transducer's transfer function was used to pre-distort the electrical drive signal to ensure that the rms pressure was kept constant at 110 kPa for each exposure parameter, and thus compensate for the transducer's frequency response. To increase the spectral energy, the maximum peak pressure achievable with this system was limited when compared with the tone excitations. However, this technology has been implemented into an array system [58] , which will be able to provide rms pressures at higher amplitudes. Furthermore, the integration of pre-distorted chirp pulses into diagnostic ultrasound systems could provide a valuable tool in the clinical use of microbubbles for targeted drug delivery.
V. conclusions
This study demonstrated that the use of chirp excitation of molecular-targeted polydisperse microbubble populations resulted in higher sonoporation efficiencies of cultured cell monolayers when compared with tone bursts of equivalent duration and rms pressure. a 3 to 7 mHz pre-distorted chirp showed the greatest sonoporation efficiency of 26.9 ± 5.6%, which might be further improved through the use of nonlinear chirp excitation.
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